Abstract: An innovative methodology for the study of the chiro-optical properties of chiral materials based in transmission ellipsometry is described, applied to fluorene thin filmsbased copolymers with high optical activity. The direct chirality evaluation parameter was possible. To the best of our knowledge, this is a first report of a complete experimental procedure for that determination. Four copolymers with systematic variation in chemical structure bearing chiral centers in side chains were used.
Introduction
Metamaterials are a class of artificial structures presenting exceptional and exotic electromagnetic properties not found in nature, involving physics, material science engineering and chemistry. First envisaged in the years 60 [1] they became the focus of interest since the publications of Pendry [2] and Shelby [3] , in the beginning of the century [4] . Presently the study of metamaterials is in the materials science forefront, with relevant publications [5] - [9] . Within the wide range of applications, the most relevant encompass new microwave [10] , [11] , antenna [7] , [8] and nanophotonic circuitry [9] , [10] perfect lenses with the possibility of resolution beyond the diffraction limit [11] , [12] among others [13] , [14] . Additionally metamaterials can be applied as switches and modulators of electromagnetic waves from radio frequency to the optical domain [4] . The most important metamaterials characteristic is a negative (or near zero) value for the refractive index, which can be expressed as in Eq 1, in which n, ε, μ and κ stand for the refractive index, permittivity, permeability and chiral parameter respectively [11] .
The development of that kind of matter can be reached through diverse strategies, of which the most commonly used are the split ring resonators (SRRs) [15] . These materials must have at same time negative values of electrical permittivity and magnetic permeability, according to Eq 1, but this is a rather difficult task. Alternatively, negative refractive index values can be attained by chiral materials with a large optical activity, represented by high values of κ [16] . This does not require negative values of electrical permittivity and magnetic permeability, thus simplifying significantly the purpose. The most classical structures of this type comprises nanoscale 3D helix structures, fabricated by electron beam lithography and direct laser writing [17] . Apart from those strategies, chirality can be introduced by incorporating asymmetric chiral centers in a conjugated polymer backbone [18] . In this search line, polymeric materials are good candidates for metamaterials development, from the chirality perspective [11] .
From the electromagnetic point of view, a linear and homogeneous material with isotropic chirality follows a constitutive relationship according to Eqs. (2) (3) (4) (5) , in which ε, μ and κ are the same as in Eq 1, and E, D, H and B stand for the electromagnetic field components, ξ, χ for the magnetoelectrical parameters and χ for the Tellegen parameter [19] .
Chiral materials present different refractive indices for right or left polarization, in such a way that for one of the polarizations, the refractive index can be negative, depending on the magnitude of the chirality parameter κ [4] , [20] .
The optical manifestations of the molecular chirality include circular dichroism, circular birefringence and circularly polarized luminescence [21] . Recently several chiral polymers with high values for the chirality parameter have been reported [18] . The dispersions of this parameter have been calculated by applying the Krames-Kronig transform to their circular dichroism spectra [11] . This methodology requires some assumptions and parametrizations, such as concentration of the chiral molecules per unit of volume (N), the refractive index of the medium (determined by ab initio methods) apart from other considerations, assumptions and extensive algebraic manipulation. In this contribution, we present a photophysical study of the transmission of circularly polarized light, from a series of alternated fluorene thin films copolymers with systematic variation in chemical structure. The methodology is based on the transmission ellipsometry of four copolymers high optical activity. They include one copolymer with the highest dichroism reported so far [18] , [22] (Structure LaPPS63) shown in Figure 1 .
Moreover, it is possible to infer the interplay among the diverse photophysical processes taking place. The method allows for instance, to quantify the differences between absorption intensity and propagation speed of the left and right components from the transmitted light. The manifestation of that phenomenon can be observed in the real and imaginary components of the κ parameter.
Theory
The theoretical basis for the measurements performed are described as follows.
Stokes Parameters Determination, Theory
Chiral materials are capable of rotating the polarized light that propagates through them. This effect is brought about by the speed difference between the propagation of right and left polarization modes, and it is known as optical activity or optical rotatory dispersion (ORD). If the material presents losses in the two polarizations, this could be attenuated in different degrees, resulting in circular dichroism (CD) [18] . Therefore, the chirality parameter is a complex factor, in which the real part is related to the rotation of the polarization ellipse, and the imaginary part to the changes in ellipticity. Thus, for the chirality parameter determination is enough to characterize the polarization ellipse of the incident light and compare it to the polarization ellipse of the transmitted light.
The polarization ellipse can be characterized by the Stokes parameters, which are determined from Eqs. (6) (7) (8) (9) , and further applying Eqs. (10) (11) , in which ψstands for the rotation of the ellipse, the ellipticity is e = tan −1 (2χ), E x and E y are the transverse components of electric field. Relating to the Stokes parameters, S 0 is the transmitted light intensity, S 1 is the difference between the intensities of linear polarization parallel or perpendicular to the laboratory reference frame, S 2 is the difference of intensities of linear polarization light rotated at +45°or -45°, and S 3 is the difference of intensities of circularly polarized light to the right or left.
The complex chirality parameter κ = κ re − jκ i m (k re and k im stand for the real and imaginary parts of the chirality parameter) is related to the polarization ellipse through Eqs. (12) (13) , in which d stands for the thickness of the sample, k 0 for the wave number and n is an integer. Therefore, from the determination of the Stokes parameters, it is possible to calculate the chirality parameter. Here, for that determination, transmission ellipsometry method was employed.
Transmission Ellipsometry
The transmission ellipsometry methodology was utilized for the characterization of the polarization ellipse of the transmitted light from the materials. The Stokes parameters can be calculated by adjusting the data obtained from the transmission ellipsometry experiment, following Eqs. (14-18) [23] .
Equation 14 represents a Fourier series analysis of the transmission intensity I(θ) in function of the angle θ between the fast axis of quarter wave plate and the fixed linear polarization (vertical polarization).
Experimental

Materials
The structures of the polymers investigated are depicted in Figure 1 . They were synthesized following the cross-coupling Suzuki polycondensation, as described in detail previously [18] . The structural characterization measurements are also described in the reference. The samples were prepared by spin coating the polymer solution onto quartz substrates, followed by annealing in the 25°C-150°C range, for 1 h.
Equipment
The transmission ellipsometry experiment was performed using a Horiba Jobin Xenon Lamp FL-1039/40, an USB2000 Ocean Optics Spectrophotometer, a achromatic polarizer, a pair of lenses and a achromatic Quartz Half-Wave Plate from Thorlabs. The experimental set up is depicted in Figure 2 , in which P is a polarizer, L1 and L2 are lenses, S is the sample and C is a quarter-wave plate.
Measurements
The Stokes vectors and the Mueller matrices have been used to characterize chiral materials [24] - [26] . The technique known as Mueller-Matrix Polarimetry consists of building up a (4 × 4) real matrix, whose values describes the transformation of polarization states of light through a medium [27] - [31] . Here the experimental set up shown in Figure 2 was used to determine the Stokes parameters of transmitted light through each sample and from them the chiral parameters were obtained, as described. The dispersion of the values found was corrected from the influence of the quartz substrate using the Mueller matrix for each wavelength [24] . The Stokes vectors and the Mueller Matrix of each sample are related by equation 18, where S out and S in stand for the transmitted and incident Stokes vectors, respectively M mat for the material Mueller matrix, and M sub for the substrate Mueller matrix.
Results and Discussion
It is widely accepted that chiro-optical properties of polymer materials are brought about by a specific helical conformation [21] . An attempt to correlate these properties with chemical structure was recently out in a recent publication [22] . It was concluded that κ values were determined by the interplay of the material´s intrinsic properties (helix tightness, interconversion energy, chain flexibility, dissymmetry factor, g abs ), as well as extrinsic (molar mass). As noted, the real part of the chirality parameter is related to light rotation due the difference in light speed between right and left polarizations, whereas the imaginary part is related to the difference in absorption of these two polarizations, as shown in Eq. 1. The previously reported values for the chirality parameter for the polymers used were calculated using CD spectra [18] , [22] . Here, the reported values were not calculated, but directly measured, making no use of the CD spectra. Figure 3 presents in detail the real and imaginary components of the chirality parameters in the range 300 nm to 850 nm, for all the polymers studied. Figure 4 shows the polarization rotation and ellipticity angle of the samples, while Figure 5 shows the dissymmetry factor. The chirality parameter was calculated using Eqs. 12 and 13, the polarization rotation and the ellipticity angle were calculated using Eqs.10 and 11 respectively, and the dissymmetry factor is given by 2
The mere analysis of the chirality parameter is not enough to provide a visualization of a material's potential application. However, this parameter is extremely important for computational electromagnetic simulations. To better evaluate the possible applications of a chiral materials needs to examine data as those shown in Figures 4 and 5 . The former shows the rotation angle and the latter materials ellipticity.
As shown in Eqs. 12 and 13, the real part of the chirality parameter is related to the rotation of the polarization ellipse, while the imaginary part is related to the change in ellipticity. Thus, the real part of the chirality shows how the polarization ellipse is rotated due to the difference between the refractive indices of the right and left polarizations, while the imaginary part shows the ellipticity change due to the difference in absorptions of the right and left polarization, thus presenting a direct relation to the circular dichroism spectrum. From the analysis of Figure 3 (a-d) , it is verified that all materials present an absorption signal around 360 nm, as previously observed [18] . Particularly, sample LaPPS63 presented the strongest signal, Figure 3c . It is also worth noting that the substrate influence on the measurements was removed numerically [32] .
It was observed that LaPPS61 ( Figure 4a ) presents a rotation of 12 degrees at 320 nm, above 400 nm no significant optical activity exists. For LaPPS62 (Figure 4b ) two rotations were observed, one of 7 degrees at 324 nm, and another of −7 degrees at 347 nm. Again no optical activity was seen above 400 nm. For LaPPS63, which presented the highest chirality parameter (Figure 4c ), a rotation of 10 degrees was verified at 330 nm, in the range 370 nm-412 nm the rotation varies from zero to 53 degrees, and in the range 412 nm to 450 nm the rotation varied from −60 to −14 degrees, with a discontinuity around 412 nm. Still, from 450 nm to 800 nm the rotation varies linearly from 14 to 5 degrees. At 410 nm the ellipticity angle is 19 degrees. The LaPPS64 polymer (Figure 4d ) presented a rotation of 13 degrees at 333 nm, and a constant value of 17 degrees was observed from 530 nm to 700 nm.
The dissymmetry factor of all materials is shown in Figure 5 . The highest value given by LaPPS61 was 15% at 355 nm, for LaPPS62 the highest was 30% at 343 nm, for LaPPS63 it was 115% at 410 nm, and finally for LaPPS64 the value was 28% at 611 nm. For the visible region of the spectrum, those were the highest values reported so far. The results reported and discussed above are summarized in Table 1 .
The photonic application of a specific material requires an adequate value for the ratio between the chirality parameter and the absorbance, also called figure of merit -FOM. Therefore, applications in which the light rotation is important, the real part of the chirality parameter must be high simultaneously with low absorbance. On the other hand, for applications where the change of ellipticity (as for polarization change) is important, the imaginary part of κ should the highest possible.
It was also tried to follow the reverse path, trying to find structures that would fit the observed spectra, using the phenomenological Condon and Bohrn-Kuhn models [21] . This attempt was not successful, even when ideal helix structures was assumed, because these models do not take into account the intrinsic and extrinsic characteristics of each material such as molar mass, dissymmetry factor, tightness among others [22] , and thus could not correlate well with experimental and adjusted data for real polymers.
Recently, the responses of the inorganic materials manufactured by lithography techniques are situated in the range of THz [33] - [35] or GHz [36] - [38] . Due to technological limitations, the techniques for the production of nanostructured patterns are not able to respond in the visible range. These inorganic materials are commonly employed as anisotropic materials [36] , polarization converters [33] , [34] and circular polarizers [37] , [38] . The polymeric materials presented in this contribution are all organic, with good film formation properties. Moreover, show responses in the visible range.
Conclusion
A thorough photophysical characterization of the chiro-optical activity of fluorene-based chiral copolymers was performed using the transmission ellipsometry methodology, which allowed the direct dispersion determination of the chirality parameter. For the first time this parameter was determined based solely on experimental procedures. Also, from the determined Stokes parameters, the data was applied to determine the rotation angle, the ellipticity and dissymmetry factor, thus providing a comprehensive picture of the chiral behavior of the materials. The methodology is applicable to materials with chirality in the optical domain.
